If supersymmetry (SUSY) will be discovered, successful models of flavour not only have to provide an explanation of the flavour structure of the Standard Model fermions, but also of the flavour structure of their scalar superpartners. We discuss aspects of such "SUSY flavour" models, towards predicting both flavour structures, in the context of supergravity (SUGRA). We point out the importance of carefully taking into account SUSY-specific effects, such as 1-loop SUSY threshold corrections and canonical normalization, when fitting the model to the data for fermion masses and mixings. This entangles the flavour model with the SUSY parameters and leads to interesting predictions for the sparticle spectrum. We demonstrate these effects by analyzing an example class of flavour models in the framework of an SU (5) Grand Unified Theory with a family symmetry with real triplet representations. For flavour violation through the SUSY soft breaking terms, the class of models realizes a scheme we refer to as "Trilinear Dominance", where flavour violation effects are dominantly induced by the trilinear terms. 
Introduction
The flavour puzzle is one of the biggest open questions in particle physics. Currently, one may subdivide it into three main parts: the puzzle associated with the masses and mixing properties of the quarks and charged leptons, the new puzzles that have been added with the discovery of neutrino masses and mixing, as well as the issues connected to CP violation.
Regarding the masses of quarks and charged leptons it is tantalizing that down-type quarks and charged leptons show a similar hierarchical pattern, which differs substantially from the pattern of the up-type quark masses. In the lepton sector, in addition to the smallness of the neutrino masses the observation of large flavour mixing, in contrast to the small quark mixing, has to be explained. Concerning CP violation, there is on the one hand the strong CP problem, but on the other hand the observation that the unitarity triangle is, at least, almost right-angled, i.e. α ≈ 90 • . If supersymmetry (SUSY) or any other kind of new physics will be discovered at the LHC, this would add another "dimension" to the flavour puzzle. Any kind of new physics has to face severe constraints from flavour physics, e.g. flavour changing neutral currents in the quark sector (FCNCs), lepton flavour violation (LFV) as well as electric dipole moments (EDMs). In the case of SUSY this is often referred to as the "SUSY flavour puzzle".
Recently a lot of effort has been made to understand the flavour structure of quarks and leptons using non-Abelian family symmetries such as A 4 , S 4 , SO(3), SU (3), and so forth (see, e.g. [1] ), where the three families of SM fermions can be unified in representations of the family symmetry. For reviews with extensive lists of references, we refer the reader to [2] . One strength of such non-Abelian family symmetries is that they can provide an explanation of the observed close to tri-bimaximal mixing in the lepton sector. Most of these models are also formulated in a SUSY context, although this is often not worked out in any detail. In many works only the superpotential relevant for the vacuum alignment of the family symmetry breaking Higgs fields, the "flavons", and the fermion masses and mixing angles is presented, without considering the consequences for the SUSY breaking sector. It is one main aim of this paper to highlight the entanglement between the SM and the SUSY sector when a careful model analysis is performed.
Family symmetries (in particular non-Abelian families discussed towards explaining tribimaximal lepton mixing) can indeed constrain the structure of the sfermion mass matrices such that compatibility with FCNC constraints or LFV is improved, see, e.g. [3] [4] [5] [6] [7] [8] [9] [10] [11] . Several aspects regarding the connection between family symmetries and the SUSY flavour structure have been discussed in the literature: For example the role of induced flavon F-terms has been analysed in [12, 13] . Canonical normalisation effects in family symmetry models in supergravity, and the dependence of their relevance on the messenger sector of the models, have been studied in [14] . In another recent study, the impact of the messenger sector on the predictivity of family symmetries for the soft SUSY breaking parameters has been highlighted [15] . Furthermore, in combination with family symmetries, supersymmetric Grand Unified Theories (GUTs) are an attractive framework for trying to solve the flavour and SUSY flavour puzzles, since they provide a link between the different (s)fermion species, i.e. between quarks and leptons respectively squarks and sleptons.
Many studies in the literature focus either on explaining the flavour structure of the fermion masses and mixing parameters or on the SUSY flavour puzzle, but not on both at the same time. However, if SUSY will be discovered, it is clear that successful models of flavour will have to provide an explanation for both, the flavour structure of the Standard Model fermions and the flavour structure of their scalar superpartners. In this paper, we discuss aspects of such "SUSY flavour" models, which aim at predicting both flavour structures simultaneously, in the context of supergravity (SUGRA). We point out the importance of carefully taking into account SUSY-specific effects, such as 1-loop SUSY threshold corrections and canonical normalization effects, when fitting the model to the data for fermion masses and mixings. These effects entangle the flavour model with the SUSY parameters and lead to interesting predictions for the sparticle spectrum as well as, for instance, for the neutrino parameters. In addition, family symmetries introduced to explain the flavour structure of the Standard Model fermions can also make predictions testable in future flavour experiments. We demonstrate these effects by analyzing an example class of flavour models in the framework of SU (5) Grand Unified Theories with a family symmetry with real triplet representations. Thereby we benefit from the GUT Yukawa relations y µ /y s = 6 and y τ /y b = 3/2 two of us proposed in [16] . From there we derive, in a semi-analytical as well as in a numerical analysis, the constraints on the SUSY parameters and the predictions for FCNCs, LFV and EDMs. In the class of SUSY flavour models considered as example, flavour violation through the SUSY soft breaking terms is dominated by the trilinear terms. We discuss the possible signatures of such a scheme of "Trilinear Dominance" 5 .
The paper is organized as follows: In Sec. 2 we first define the class of models we will consider as an example. At this point the model is not yet supersymmetric, i.e. we specify only the fields necessary to describe the SM fermion masses and mixing angles. In Sec. 3 we discuss the relevant SUSY specific effects, like canonical normalization and SUSY threshold corrections. There, we also discuss the structure of the soft SUSY breaking terms, first in the flavour basis and then also in the SCKM basis. The fourth section is devoted to a semianalytical analysis, where we describe an approximate procedure to extract the low energy flavour observables from the high scale model. We also show how, from a fit of the low energy fermion masses and mixing angles to the data, constraints on the SUSY spectrum arise. In Sec. 5, we discuss the results of a MCMC analysis, which supports our semi-analytical results. We also present there phenomenological consequences for the SUSY spectrum and low-energy observables. The last section contains a summary and our conclusions.
An Example Class of Flavour Models
Before going to the SUSY specific ingredients we will first describe in general terms the class of flavour models we are going to consider as an example for all the SUSY specific effects. We emphasize that our analysis is not restricted to this special class of models. In contrary it should be applied to any given SUSY model of flavour to check its validity. As we will see it is necessary to include SUSY effects to check if a correct description of SM fermion masses and mixing angles can be obtained.
Basic Structure of the Example Class of Models
Our starting point for describing the class of flavour models, to be discussed as an example in the next sections, is a Grand Unified Theory (GUT) with gauge group SU (5) plus a non-Abelian family symmetry group G F with real triplet representations such as, for example, A 4 or SO (3) . For the matter fields of the SM fields SU (5)-unification implies that they are unified in the5 representations F i and in the 10 representations T i , where i = 1, 2, 3 labels the three families, as follows:
and
We will assume that the three fields F i are components of a triplet F under the family symmetry G F . The other three fields T i remain singlets under G F . As we will see, this allows the top mass to emerge at renormalizable level, while the masses of the other lighter fermions will be generated from effective operators after family symmetry breaking. In addition to the SM fermions, we add two right-handed neutrinos N 1 , N 2 to the spectrum, which are singlets under the family symmetry, in order to allow for two massive light neutrinos via the seesaw mechanism as observed in neutrino oscillations. Note that this is a minimal setup and implies that one of the light neutrinos is massless by construction. It is straightforward to extend the model to include a third right-handed neutrino, to give mass to all three light neutrinos. As mentioned above, apart from the top quark mass all masses and thus also the mixing parameters of the fermions arise after the family symmetry (and the EW symmetry) gets broken. Following [18] we will assume that the family symmetry is broken by flavour-Higgs fields (the flavons) φ i in triplet representations of G F , acquiring vevs in the following directions in flavour space 6 :
The least understood and most difficult-to-test part of current flavour models with nonAbelian family symmetries is their so-called "vacuum alignment" sector. This is the part of the theory which addresses the question why the flavons point in these specific directions in flavour space. In this paper we will not enter this part of the flavour models in much detail. However, we will come back later to one (at least in principle) testable feature of the vacuum alignment sector in supersymmetric models, namely the size of the induced F-terms for the flavons. Finally, we remark that the scale of family symmetry breaking can in principle vary over a wide range. In the following, we will assume for definiteness that the family symmetry is broken close to the GUT scale.
We will now describe the effective Lagrangian of the model class. For its origin from a renormalizable theory we refer the interested reader to Sec. 2.2 where we discuss the messenger field sector and sketch the additional discrete symmetries of the setup. In Sec. 2.3 we will 6 We note that in explicit models one might probably split up φ 2 into two flavons (cf. Appendix B of [18] ), one with a purely real and another one with a purely imaginary vev. A mechanism for realising such vacuum alignments is presented in [19] .
describe the resulting Yukawa matrices and the mass matrix of the right-handed neutrinos. A reader mainly interested in the phenomenological analysis may skip Sec. 2.2.
The effective Lagrangian of the class of models considered here has the following structure:
H 24 stands for a Higgs field in the 24 representation that breaks SU (5) to the SM, and H 5 and H 5 stand for Higgs fields that contain the MSSM Higgses H d and H u in their SMdoublet components. The Higgs fields are singlets under the family symmetry. To shorten notation, O(1) coefficients have been absorbed (without loss of generality) in the mass scales in the denominators, which correspond to the masses of heavy "messenger fields" as will be discussed below. As one can see, only ratios of flavon vevs over the messenger masses enter the Lagrangian, reflecting the fact that the family symmetry breaking scale is a priori undetermined.
Messenger Fields and Discrete Symmetries
Some properties of the effective Lagrangian are determined by the family symmetry G F . For example, since F is a triplet under G F it has to appear together with a flavon in the terms in L eff
which lead to the down-type and charged lepton Yukawa matrices. This implies that the rows of Y d and the columns of Y e will be generated dynamically by the flavon vevs. Other properties of the effective Lagrangian, for example that the top quark Yukawa coupling appears at the renormalizable level while all other up-type Yukawa couplings do not, requires additional symmetries and the knowledge of the "messenger sector", i.e. of the fields which are interchanged to generate the effective interactions. In summary, the class of models we like to outline here has the following features:
• The rows of Y d and the columns of Y e will be generated dynamically by the flavon vevs with the rule that T 1 couples only to φ 1 , T 2 couples only to φ 2 andφ 2 , and T 3 couples only to φ 3 .
• The Yukawa coupling ratios y τ /y b and y µ /y s at the GUT scale will be predicted as 3/2 and 6, respectively, by Clebsch-Gordan coefficients from GUT symmetry breaking. As shown in [16] this requires a moderate or large value of tan β.
• At leading order Y u will be diagonal.
• Left-handed neutrino masses will be generated via a see-saw type I mechanism with two right-handed neutrinos.
Figure 1: Supergraph diagrams inducing the effective superpotential operators for the downtype quarks and charged leptons.
• The mixing in the neutrino sector is of almost tri-bimaximal form.
• We consider spontaneous CP violation from the flavon vevs (see, e.g. [5, 6] ), in our specific case from φ 2 only.
The first point listed above is realized, for example, when the T i as well as the associated flavons carry some charge under a specific additional discrete symmetry, for instance a Z n symmetry. In addition, we have to make sure that the ratios among Yukawa couplings mentioned above are reproduced by correct contractions of the SU (5) indices of the Higgs and matter representations. This can be achieved if the effective operators are generated by integrating out the appropriate messenger fields [16] . The relevant operators for the down-quark and charged lepton sector are, for example:
leading to y τ /y b = 3/2 and
leading to y µ /y s = 6 at the GUT scale. Here the subscript refers to the used SU (5) index contraction and M represents generically the mass scale of the messenger fields, which will be specified below. H 24 andH 5 are Higgs fields in the 24 and in the5 representations of SU (5) respectively. H 24 can be the usual Higgs responsible for the breaking of SU (5) to the SM gauge group by acquiring a vev H 24 = v 24 diag(1, 1, 1, −3/2, −3/2). Clearly, the messenger fields, which generate these operators, can be distinguished by their charges under the additional discrete symmetries which distinguish between T 2 and T 3 . The diagrams generating the Yukawa couplings for down-type quarks and charged leptons are displayed in Fig. 1 , where the masses of the messenger fields are also shown. If we would introduce at least one discrete symmetry for each generation and the messenger fields generically carry charge under exactly one of these symmetries, it follows that the upquark Yukawa matrix is generated with a diagonal structure. Specifically, we will arrange that only the top quark mass is generated at the renormalizable level, by associating T 3 to a Z 2 symmetry, for instance, while the charm quark and up quark masses are generated only after family symmetry breaking, by associating T 2 and T 1 to larger symmetries as, e.g. Z n symmetries with n > 2. The relevant operator for the up-quark mass can then be Figure 2 : Supergraph diagrams inducing the effective superpotential operators for the uptype quarks. generated via diagrams as shown in Fig. 2 . Similar considerations can be made for the neutrino sector, where now the RH neutrinos N i carry the same charges as the T i to associate them with the flavons. Majorana masses for the RH neutrinos and neutrino Yukawa couplings are then generated for instance by the diagrams shown in Fig. 3 .
In summary, we will consider models with auxiliary discrete symmetries to separate each of the T i , leading to the following pairings between matter and flavon fields:
We note that F is not paired to a particular flavon since it is a triplet under the family symmetry and contains all three generations of the five-dimensional matter representations. Basically the following considerations are based on these pairings (and the sketched messenger sector) and do not explicitly depend on the discrete symmetries used to achieve them. In general these do not have to be chosen only to fulfill these pairings, but also to shape the flavon potential such that it gives the desired vacuum alignment (cf. [18, 19] ). Since this task will require different quantum numbers for the flavons φ 2 andφ 2 , it might be desirable to introduce another Higgs representation H 24 orH 5 . Due to this difference we also assume that N 2 is not paired withφ 2 . However, these model building issues are beyond the scope of this paper.
Resulting Yukawa Matrices and Right-handed Neutrino Masses
The Yukawa matrices after GUT and family symmetry breaking are defined in the following way:
This convention matches the one used by the Particle Data Group [20] . In our class of models the Yukawa matrices and M ν c have the following form at the GUT scale:
We remark that in the definition for the Yukawa matrices we have introduced a complex conjugation to match the PDG convention. This is the reason why +i instead of −i appears in the 2-2 elements of the down-type quark and charged lepton Yukawa matrices. The matrices Y d and Y T e are expressed in terms of the "expansion parameters" 1 , 2 ,˜ 2 and 3 , which are defined via the relations:
The structures of Y d and Y T e , and its close relation, will lead to testable predictions of our class of models and the parameters 1 , 2 ,˜ 2 and 3 will be determined by a fit to the data for down-type quark and charged lepton masses and to the quark mixing parameters. The factors c 1 = c 2 = c 3 = −3/2 andc 2 = 6 are Clebsch-Gordan coefficients arising from GUT symmetry breaking and have been proposed recently in [16] as new possible GUT relations in gravity mediated SUSY breaking scenarios. Clearly, the obviously incorrect SU (5) relation
e would be obtained if all Clebsch-Gordan coefficients were one. To provide an idea of the size of the expansion parameters, let us say that in SUSY models with tan β ≈ 30 we will obtain small 1 , 2 and˜ 2 of O(10 −3 ) or less and 3 of O(0.1).
The parameters in the diagonal matrix Y u simply have a one-to-one correspondence to the up-type quark masses and the ratios of the squared elements of Y ν over the right-handed neutrino masses in M ν c stands, via the seesaw mechanism, in direct relation to the observed light neutrino mass splittings. By the structure of the vevs of φ 1 and φ 2 the leptonic mixing matrix is of tri-bimaximal form to leading order and receives calculable corrections by the
Now we have basically defined the building blocks of our class of flavour models. We would like to remark that within this class of models it is possible to define a specific version of a model by specifying the full set of (discrete) symmetries, the Higgs content at the GUT level, the vacuum alignment mechanism as well as the messenger sector of the theory. Note that, a priori, any family symmetry with real triplets can be used. Many predictions of the model class, however, are quite generic and will not depend on the realization in a specific model version.
The SUSY Specific Parts
In principle a model belonging to the class discussed in the previous section may also be realised in a non-supersymmetric setup. However, if SUSY will be discovered, it will be necessary to extend any given model of flavour to a supersymmetric one and to perform a careful analysis of its predictions in the SUSY sector. The first task, to be discussed in this section, is to specify the superpotential W and the Kähler potential K of the SUSY version of the model, which is consistent with the symmetries of the model and can be generated by its messenger field content. From W and K we can calculate the canonically normalized Yukawa couplings as well as the soft SUSY breaking sfermion mass matrices and the trilinear sfermion coupling matrices.
In the following, we will focus on the scenario that SUSY is broken in a hidden sector and then mediated to the visible sector by gravity. We will also assume complete sequestering of K and W , meaning that we can split the superpotential and Kähler potential into two parts respectively, where the visible superpotential is just
.., where the dots refer to terms for the other visible sector superfields, and whereW contains additional superpotential terms including, for instance, the flavon and GUT Higgs potentials.
Furthermore, we will assume a gauge kinetic function such that unification of gaugino masses is realised at the GUT scale.
Promoting also the messenger fields to superfields, the effective operators in the superpotential can be generated by integrating out the heavy messenger superfields. Integrating out these messengers also induces effective operators in the Kähler potential, as we discuss now.
The Kähler Potential
Integrating out the messenger superfields generates not only the above superpotential operators but also effective operators in the Kähler potential. An example, within our class of models, is shown in Fig. 4 . The messenger superfield is the same that is interchanged in the left side of the left diagram in Fig. 1 . After family symmetry breaking, the kinetic terms are generically generated with an a priori non-canonical structure and have to be canonically normalized. This, in turn, has an effect on the fermion flavour structure, namely on the Yukawa couplings, as we will discuss in Sec. 3.3.
From the diagrams that generate the superpotential terms, using the argument from above, one can easily infer the non-canonical Kähler potential operators which are generated by the messenger fields. 8 In our example class of models, the Kähler potential of the visible sector fields T i and F , including these operators, is given by
Note that K T does not contain non-renormalizable operators with flavons, while such operators are present in K F and lead to non-diagonal terms after family symmetry breaking. In contrast, K F does not contain non-renormalizable operators 9 with H 24 . Gauge and family indices have been suppressed and are assumed to be contracted between the matter field and the flavon/GUT-Higgs field, see Fig. 4 . The couplings l (X) i and h (2) depend on the fundamental couplings of the messengers, but are essentially additional free O(1) parameters as they do not appear somewhere else.
From the diagrams in Fig. 1 and 2 one can see that there is also a flavon-dependent contribution to the Kähler potential of the Higgs fieldH 5 :
We have not given here the Kähler potential for the right-handed neutrino fields since its effects are negligible for phenomenology or can be absorbed into other unknown quantities. We have also dropped terms induced by the couplings of the F and T fields to H 5 andH 5 , since the resulting non-universal terms are suppressed by powers of the electroweak symmetry breaking (EWSB) vevs over the heavy messenger scale.
Canonically Normalized Yukawa Matrices
As typical in SUSY/SUGRA flavour models, the kinetic terms in our example class of models are generically non-canonical and have to be canonically normalized, which has an impact on the fermion flavour structure. We will now discuss the leading order effects of this procedure.
The transformation to such a basis can be achieved as follows (see, e.g. [6] ):
with P
whereK F is the Kähler metric defined asK F ≡
. Likewise, we define the transformation matrices P T and PH 5 which canonically normalize K T and KH 5 .
As a consequence of the field redefinitions, the Yukawa matrices Y d,e are transformed as follows:
The rescaling factor needed for canonically normalizing KH 5 is readily absorbed into the definition of the 's. In contrast to Y d,e , the Yukawa matrix Y u remains unchanged in form as one can absorb all of P T in a redefinition ofŷ u ,ŷ c ,ŷ t . Several remarks are in order here:
• The parameters which are directly related to the fermion masses and mixings are the 's. On the other hand, in our example class of models the 's depend on the product of two ratios of flavon vevs over messenger masses, for example 3 ∼ ζ (3) ζ 24 (3) , and similarly for the other 's as defined in the previous section. In the following, we will assume the case that ζ 24 (2) , ζ 24 (1) , and ζ (2) are comparatively large ( O(0.1)). This in turn implies that, as we will confirm later by the fit to the data, that ζ (2) , ζ (1) , ζ 24 (2) are very small such that we can neglect the corresponding canonical normalization effects in a leading order analysis. The only parameter which will not turn out to be very small is 3 , and therefore we will introduce both parameters ζ (3) and ζ 24 (3) explicitly.
• Since K T also involves couplings to the GUT breaking vev of H 24 but K F does not, we get the relations P F = P d c = P L and P Q = P u c = P e c . This modifies the CG factors between the three fields contained in the tenplet T 2 , i.e. c 2 andc 2 , due to the vev of H 24 which treats those fields differently. However, since ζ 24 (2) is very small, as stated above, this can be neglected.
Under the assumptions specified above the main effect of canonical normalization stems from the change in Y d and Y e due to rescaling of the third component of the field F , which is parameterised by ζ 3 . With the definitionζ 3 
, and after absorbing all other rescalings in the 's, the Yukawa matrices have the following form at the GUT scale to leading order inζ 3 :
Soft Breaking Terms in Supergravity
Let us now turn to the soft SUSY breaking terms which can be calculated from a given K and W . Please keep in mind that we restrict ourselves to the case of hidden sector SUSY breaking transmitted to the visible sector by gravity and that we consider for definiteness complete sequestering of K and W into hidden sector and visible sector parts. The hidden sector is assumed to contain chiral superfields which break SUSY by obtaining both a vev and a non-vanishing F-term of order M Pl and m 3/2 M Pl , respectively. In supergravity before canonical normalization, the soft masses can be expressed in terms of the full visible sector Kähler metricK [21] :
where n(m) runs over all (conjugated) superfields while b(ā) only runs over matter superfields. Clearly, given the sequestering assumption, only visible sector superfields whose F-term is not vanishing contribute to the second and third term of Eq. (37). In our class of models this is the case for the flavons and the GUT Higgs field, which acquire an F-term proportional to their vev [4] :
where the coefficients C φ (i) , C H 24 could be computed after fully specifying the flavon and GUT Higgs superpotential. Given the "irreducible" contribution m 3/2 Φ to F Φ [4] , we can assume the C Φ to be real O(1) parameters 10 .
On the other hand the SUSY breaking trilinear terms [21] take the form:
where subdominant terms have been omitted. However after SUSY breaking in the hidden sector also the Yukawa couplings appearing in W vis are no longer the physical Yukawa couplings for the low energy theory but take the form
multiplied by the same factor also multiplying A abc . This means that Eq. (39) is simplified to
where h runs over hidden sector fields and m over visible sector fields. For this we used the fact that the rescaling factor only depends on hidden sector fields and thus commutes with ∂ m due to sequestering. We can then define the usual mSUGRA parameter
Pl which depends on the unspecified hidden sector superpotential and Kähler potential. Regarding the Yukawa matrices we can absorb the factor 11 exp(
hid /|W hid | into the previous definition of our Yukawa matrices. However, the expressions linking the parameters 's and ζ's would be then modified by a O(1) coefficient.
From these formulae it is apparent why sequestering simplifies our construction for two reasons: 10 The specific conditions for this have been examined in [12] and [13] . 11 If we assume one hidden sector field X with F 2 X = 3m
Pl and canonical hidden Kähler potential we get as factor exp(
• It is known that models of the considered class with family symmetries with real triplets do not protect all particle species against large flavour violation in their soft mass matrices (see, e.g. [6] ). In our case, while the five-dimensional representation is protected, the ten-dimensional remains unprotected. In particular, without sequestering there could be Planck scale suppressed couplings to hidden fields on the diagonal of the tenplet Kähler metric, inducing O(1) splittings of the tenplet soft masses. This would generate, in the basis where Y d is diagonal (the SCKM basis), 1-2 entries in the soft mass matrices of the tenplet constituents which are only Cabibbo suppressed.
• With a sequestered Kähler potential all flavour violation effects come from the F-terms of the family symmetry breaking Higgs fields, i.e. the flavons, and in principle also from the F-terms of the GUT-Higgs fields. This clearly reduces the number of variables entering the soft terms and makes the model more predictive.
Soft Masses
From the expressions in Eqs. (27), (28), and (29), we can now derive the structure of the soft-mass matrices at the GUT scale.
After canonical normalization the first term of Eq. (37) gives rise to a universal contribution to the soft masses. However, due to the coefficients C Φ , Fm(∂m∂ nK )F n is not rotated away by the same transformation makingK → 1. Thus, such a term gives rise to nonuniversal soft masses already at the GUT scale. The third term has the same effect, but provides only contributions ∝ ζ 4 , which we neglect.
If we take m 0 ≡ m 3/2 , in the canonical basis, the soft mass matrices for the matter fields then result up to second order inζ 3 (neglecting all the small ζ's):
and for the leptons
Additionally the Higgs bosonH 5 which contains the light Higgs doublet H d gets a nonuniversal soft squared mass m
If we assumeζ2 to be O(0.1) then the non-universality amounts to only a few percent, which is smaller than the accuracy of the 1-loop RGEs for the soft terms we use in our analysis.
It is interesting to note here that due to the assumed pairing between different fields the soft mass terms are actually only diagonal for the tenplets. The soft terms for the fiveplets have off-diagonal terms which are small since they are generated by terms of order the small ζ 2 . The largeζ 3 does not generate off-diagonal terms. However, this is only the case in the flavour eigenbasis. Upon rotating to the basis where the Yukawa matrices are diagonal (the SCKM basis) these non-universal diagonal entries induce off-diagonal entries suppressed by mixing angles.
Soft Trilinear Couplings
The first term of Eq. (41) does not give rise to flavour mixing, since it is proportional to the Yukawa matrix and hence diagonal in the same basis.
The term proportional to ∂ m Y has the same flavour structure as the corresponding Yukawa matrix, but it is not necessarily proportional to it, due to the flavon F-term coefficients C φ (i) . Thus, the A-term matrices A d and A e will not be diagonal in the SCKM basis. As we will see, this represents the dominant source of flavour violation in our class of models. We will refer to this scheme as "Trilinear Dominance".
After canonical normalization, the trilinear terms before going to the SCKM basis look like:
Note that the contribution proportional to C H 24 is just Y d,e times a factor and thus does not give any additional flavour violating effects, but only a splitting between A 0,u and A 0,d/e . Thus for simplification, we neglect these terms and assume
for the rest of our analysis. The 3-3 element of the corrections to A u vanishes since we assume that for the third generation the messengers are absent as the top Yukawa coupling is generated on tree-level. A ν is of less phenomenological importance as the right-handed sneutrinos get integrated out not much below the GUT scale.
SUSY Threshold Corrections
So far we have discussed the impact of a flavour model on the structure of the soft SUSY breaking sector at very high energy scales. However, to fit a SUSY flavour model to the available data, there is a certain class of supersymmetric corrections at the low scale which is mandatory to include, in particular in the large (or moderate) tan β region. These are the well known SUSY threshold corrections [22] . For simplicity, in the semi-analytic part we will use the formulae for the tan β-enhanced SUSY threshold corrections in the EW unbroken phase, where effects of electroweak symmetry breaking are neglected (see, e.g. [23] ). We note, however, that it is important to include the SUSY threshold corrections for all three families of down-type quarks and charged leptons. The full formulae including EW symmetry breaking effects are given, e.g. in [24] .
One-loop matching between the SM quantities and the MSSM ones at the SUSY scale M SUSY leads to the approximate relations
for the Yukawa couplings and
for the quark mixing parameters. The one-loop SUSY corrections are parameterised in terms of the new parameters. We see that although the are loop suppressed the corrections can be sizeable if tan β is large enough. For explicit formulae and typical numerical values for the loop corrections, see [23] , where we find
q tan β = (
We should note that -apart from neglecting effects of electroweak symmetry breaking and sfermion mixing -this simplified parameterisation assumes that the corrections due to supersymmetric gauge interactions are universal for all three generations. In general this is not quite correct since the sfermion masses entering the formulae are in general not degenerate. Even in the CMSSM where the masses are set to be equal at the GUT scale at low energies the third generation sfermions are lighter due to the effect of large Yukawa couplings on the running. In the full numerical analysis of Sec. 5, this will be taken into account. We will also see that these corrections enable us to constrain the CMSSM parameter space if we match our class of models to the experimental data at low energies.
Flavour and CP Violating Effects
The first thing to note is that in our class of models the leading order structure of the soft SUSY breaking scalar masses at the GUT scale is close to the one of the CMSSM.
A first potential deviation from the CMSSM flavour structure is represented by the nonuniversality of the third generation RH down squarks and LH sleptons given by the terms proportional to (C φ 3 ) 2ζ 2 3 in Eqs. (44, 45) . This could in principle determine a misalignment of the quark (lepton) and squark (slepton) mass matrices already at the GUT scale. In fact, in the basis where the corresponding Yukawa matrices are diagonal (the so-called SCKM basis), m 2D and m 2 L will acquire off-diagonal entries in the 1-3 and 2-3 sectors, approximately given by the product of the sfermion mass splitting and the corresponding rotation to the SCKM basis. For instance, we have:
where V d R is one of the two unitary matrices diagonalizing Y d :
However, we see from Eq. (34) that the RH 1-3 and 2-3 rotations in V d R are much smaller than the LH ones in V d L (which accounts for the CKM angles). Indeed, they even vanish in the leading order approximation ( 33 . As a consequence, the source of flavour violation given by Eq. (62) should result subdominant with respect to the effects we discuss below. In the leptonic sector, it will turn out from the diagonalization of Y e (with numbers for the 's as given in Tab. 1) that (V e R ) 23 ∼ 10 −2 . This can provide a source of τ -µ lepton flavour violation at the level we discuss below. As we will see, such an effect is, however, of little phenomenological relevance, since τ -µ transitions result hardly in the reach of future experiments.
Most notably, at the GUT scale the most relevant source of flavour violation is therefore represented by the trilinear couplings, A d and A e , Eqs. (48, 49) . We will refer to this scheme as "Trilinear Dominance". The trilinear coupling matrices have a flavour structure which is similar to that of the corresponding Yukawa matrices, but they are not in general aligned to the Yukawas in flavour space. Such misalignment, as previously observed in the context of SU (3) [4, 8, 12] and A 4 [9, 13] flavour models, is a consequence of the flavon F-term coefficients C φ (i) , and it will clearly determine that the A-term matrices are in general not diagonal in the SCKM basis. Therefore, barring the unnatural case of all C φ (i) acquiring a common value, the A-terms will be a source of potentially large flavour violating effects in our class of models. 12 Effects of large trilinear terms have also been studied in [17, 25] .
Moreover, the large A-term matrices will induce flavour violating off-diagonal entries in the scalar mass matrices as well, through the RG evolution of these parameters from the GUT scale to low energy. This latter effect can be understood by means of approximate leading-log solutions of the 1-loop MSSM RGEs. Working in the basis of diagonal down quark and lepton Yukawas and neglecting for the moment the contribution of Eq. (62), we have for the squark sector:
where (m 2Q ) CMSSM i =j represents the usual CMSSM contribution, proportional to entries of the CKM matrix. Keep in mind, that in the basis we have chosen there are only off-diagonal elements generated in m 2Q , within the CMSSM. Analogously for the sleptons, we have:
where the subdominant SUSY see-saw contribution to (m 2 L ) i =j has been omitted. From the expressions above, we can see that at low energy we have sources of flavour violation both in the LH and in the RH scalar sectors, as well as in the left-right mixing sector (the A-terms themselves). What is interesting is that all these sources of flavour violation are determined by the matrices A d and A e , i.e. they are controlled by the limited set of free parameters C φ (i) (while the other parameters, such as the (i) , are determined by the fit of the fermion masses and mixings), and the effects in the squark and slepton sectors are linked by the underlying SU (5) GUT.
In order to give an estimate of the above discussed effects, we provide the following approximate expression of A d in the SCKM basis (the expression for A T e is analogous with the substitution i → c i i ): We can now estimate the size of the flavour violating mass insertions (MIs), as usual defined as:
wherem 2 f is the average sfermion squared mass and ∆f XY are 3 × 3 blocks of the low-energy sfermion mass matrix. The off-diagonal flavour violating entries of ∆f XY read: 68), it is possible to obtain good estimates of the mass insertion parameters (δ f XY ) ij , including the CP violating phases. The results can be then compared with the bounds on mass insertions provided in the literature [26] [27] [28] [29] . Such estimates also give a useful indication of the channels where the largest deviations from the SM predictions are expected and can be used to cross-check the results of the full numerical analysis (which will include the resolution of the full 1-loop RGEs, instead of using the leading-log approximation) presented in Sec. 5.2. Some relevant examples will be provided in Sec. 4.5.
Semi-analytical Analysis
After having discussed the GUT scale structure of the Yukawa matrices and the soft SUSY breaking terms we will now start with the discussion of low energy predictions of the considered class of models, first in a semi-analytical approach and then we will also present numerical results in the next section.
We will start our discussion with some analytical estimates for the masses and mixing parameters at the GUT scale in the quark and the lepton sector which already show that our class of models is in principle realistic. Then we will also discuss the impact of the SUSY threshold corrections. Especially, we will discuss how these corrections can be used to constrain the CMSSM parameter space in our class of models.
The Quark Sector
We start with the discussion of the quark sector. Since the up quark Yukawa matrix is diagonal we can directly determine the CKM mixing parameters from the down quark Yukawa matrix. We find the following approximate relations at the GUT scale:
Note that we have to include the next-to-leading order term for θ CKM
12
, which is comparatively large. Analogous terms for the other angles vanish due to the texture zeros in the third row of Y d . We can also derive an expression for the CKM phase δ CKM in terms of the 's
where we have dropped unphysical sign ambiguities in the parameters. Actually the only physical signs are the relative signs between 2 and˜ 2 and the sign of w leaving four possible sign combinations 13 . For simplicity we consider the solution where all parameters are positive except˜ 2 .
The Lepton Sector
We discuss now the mixing angles and mass eigenvalues in the lepton sector. For the charged lepton sector we find at leading order
with the aforementioned ratios c 1 = c 2 = c 3 = −3/2 andc 2 = 6. Using also our formulae from the quark sector we can give relations for the GUT scale Yukawa coupling ratios
where we especially want to note, that the ratio y µ /y s is not exactly equal to six as we naively imposed before, but is instead lowered by almost 10% due to corrections from 2 . Nevertheless, all the ratios are still in good agreement with current experimental data [16] .
For the neutrino mass matrix we find Using the approximate formulae of [14, 30, 31] , we can obtain estimates for the mixing angles of the MNS mixing matrix as sin θ MNS 12
sin θ MNS 23
where corrections to the neutrino mixing parameters due toζ 3 have been obtained using the approximate analytical formulae from [31] , and sub-dominant corrections to θ MNS 12 and δ MNS due to θ e 12 have been omitted. The model satisfies the generalized lepton mixing sum rule relations of [30] (which compared to [32] also include third family canonical normalization and RGE effects), which implies that the θ e 12 -induced correction to θ MNS 12 is small due to small cos(δ MNS ). RGE corrections are subdominant as well (and have been omitted) since the neutrino mass spectrum is hierarchical and since the neutrino Yukawa couplings are much less than one [33, 34] . In particular, we see that our class of models always implies MNS mixings angles larger than the tribimaximal values. The prediction for θ MNS 13 , for example, will be tested at future neutrino oscillation experiments [35] .
We also note that neutrinoless double beta decay and direct determination of the neutrino mass in this class of models is beyond the reach of ongoing and planned experiments due to the small neutrino masses implied by the hierarchy and m 1 = 0. This could nevertheless be different in a variant of the model with a "type II seesaw upgrade" [18, 36] lifting the restriction m 1 = 0.
GUT Predictions and SUSY Threshold Corrections
Having the GUT scale structure of our model defined and using the simplified formulae for the SUSY threshold corrections as described in Sec. 3.5, we now derive constraints on the SUSY threshold corrections which we will then translate into bounds on the CMSSM parameter space.
GUT Scale Yukawa Coupling Ratios
We start our discussion of GUT scale Yukawa coupling ratios with the b-τ Yukawas:
where we refer with "uncorrected" to the GUT scale values without SUSY threshold corrections included. For simplicity we apply them here at the GUT scale, which is a good first approximation, see [23] . The value on the left side is the prediction of the model. The uncorrected GUT scale value of this ratio can easily be obtained, e.g. using REAP [33] . This yields the numerical value
where the uncertainty is largely dominated by the bottom quark mass uncertainty and the dependence on tan β is a very good approximation between tan β = 10 and 50. Plugging this into Eq. (86) we find the relation:
Similarly, we find for the second generation
However, in this case the uncorrected GUT scale ratio has a much larger uncertainty due to the large strange quark mass uncertainty. The value and range obtained from REAP is then
which can be translated into the relation for the threshold corrections ( q − l ) tan β ≈ 0.32
Finally, for the first generation, we find
with
which gives us the relation ( q − l ) tan β ≈ 0.05
This constraint is even weaker than the one for the second generation and therefore does not give us new insights. Both constraints are not particularly severe. Comparing the relations to the ranges given in Eqs. (59)- (61) we expect that all constraints can be satisfied in a CMSSM-like setup. From these ranges we can also derive a rough estimate for the optimal value of tan β needed to satisfy Eq. (88). Using the central values of the intervals of q , A and l this yields tan β ≈ 20 ,
from Eq. (88). In the more accurate analysis performed in [16] , we see that a b-τ GUT scale Yukawa coupling ratio of 3/2 (within the CMSSM) can only be obtained for tan β ≈ 30 or higher. For definiteness, we will fix tan β to the value tan β = 30 ,
for our analysis.
GUT Scale Mixing Angles
For the mixing angles, we find equations similar to (86), namely
Due to our matrix textures, we can always choose w using Eq. (73) to fit θ CKM
23
. However, For the "uncorrected" value of θ CKM
13
, i.e. the one obtained without including SUSY threshold corrections, we find
and from Tab. 1 we get the model prediction at the GUT scale:
where the dependence on l tan β has dropped out. Plugging this into Eq. (97), we find the relation
We can removeζ 3 from this equation using the two neutrino mixing angles θ MNS 
In addition, using the values in Tab. 1, we derive
which is consistent with experiment within 1σ.
Constraints on the CMSSM Parameter Space
So far we have derived constraints on the SUSY threshold corrections from the demand to match our assumed GUT scale structure of the Yukawa matrices to the observed SM quantities.
In the next step we will use them to constrain the CMSSM parameter space that determines the SUSY threshold corrections. This implies that we neglect the small deviations from the CMSSM in the considered class of models. This is a good approximation for all flavon F-term parameters C φ i except C φ 3 , which can enter the spectrum in non-negligible amount. However, it does so by lowering the right-handed sbottom and left-handed stau masses and changing the GUT scale A b and A τ trilinear coupling parameters. The first two enter the threshold corrections only through loop functions, while the last two do not enter at all or only via running. Thus, barring extreme situations such as, for instance, large C φ 3 , the threshold corrections should be quite insensitive to C φ 3 .
To test which parts of the spectrum satisfy the equations (88) and (101), we implemented full one-loop RG evolution of the soft term parameters from the GUT scale to the SUSY scale. Instead of a fixed SUSY scale M SUSY we use the more common definition
where mt i are the two stop masses. This scale is calculated via an iterative algorithm that repeats running between the GUT and the SUSY scale until M SUSY changes less than 1%. At the SUSY scale the threshold corrections are included as described in Sec. 3.5.
Using this procedure we did a parameter scan for a CMSSM spectrum defined by the parameters m 0 , M 1/2 and A 0 . As ranges we took m 0 ∈ [0; 4000] GeV, M 1/2 ∈ [100; 1500] GeV, a 0 = A 0 /m 0 ∈ [1; 3]. The motivation for the range of A 0 /m 0 is the fact that the contribution from gauginos to the running of trilinear terms always pulls them to smaller or even negative values of A t ∝ A . Thus in order to satisfy Eq. (100) and minimize deviation from tribimaximal neutrino mixing, we need to have a large positive value for A 0 . However, it is well known that A 0 cannot be set to arbitrarily high value, to avoid charge and colour breaking (this requirement typically gives |A 0 | 3m 0 ) [37] . Furthermore, we chose µ > 0 due to the phenomenological requirements of the anomalous magnetic moment of the muon, while tan β = 30 was fixed as mentioned previously.
For our selection of points, we drop any that do not satisfy the LEP bounds on superpartner masses [20] or do not trigger successful EW symmetry breaking, and also the ones where the lightest stau is the LSP, i.e. where it is lighter than the lightest neutralino. Out of the remaining set of points we simply select the ones satisfying (88) and (101). These are shown in Fig. 5 . Note that the recent results from ATLAS [38] and CMS [39] only give a constraint for the few points in the lower left corner of the allowed parameter space. These constraints are also valid for large A 0 /m 0 and rather independent of tan β, as discussed, e.g. in [40] .
We would like to make a few remarks on the preferred parameter space:
• We find that, generically, a value of a 0 2 is preferred.
• For lower values of a 0 the results depend only weakly on m 0 and we need a small M 1/2 .
• Larger values of M 1/2 in general need larger values of a 0 and show a stronger correlation between m 0 and M 1/2 .
• There is a lower bound on m 0 of about 600 GeV leading to a rather heavy SUSY spectrum. However, due to the large a 0 the third generation can still be relatively light.
Note that, although at first glance our spectrum looks very similar to the ones necessary to achieve b-τ Yukawa coupling unification in the large tan β regime [41] , this is indeed not the case. There, a 0 = −2 (note that the different sign is crucial here) and furthermore, although they also need M 1/2 m 0 as we do, the hierarchy there has to be even stronger (see for example [42] [43] [44] ).
Another interesting information is the range of achievable values for A tan β. From the set of selected points we find that the largest possible value is 0.16 and that only 2% of the set has A tan β > 0.10. (88) and (101). We only show the points with the least deviation for every given m 0 and M 1/2 in our scan. The size of the points is scaled with the deviation, such that larger points agree better and smaller points agree worse.
Estimate of Flavour and CP Violating Effects
In the following, we make use of the expressions presented in Sec. 3.6 in order to provide an estimate of the main flavour and CP violation observables that will be subsequently studied numerically in Sec. 5.2.
LFV Processes
Let us start considering µ → e transitions. Within SUSY scenarios, the channel which currently provides the most stringent constraint to the µ-e sector is µ → eγ. Using the formulae given in Eqs. (66, 67, 68) withm˜ m 0 , the leading contributions to the µ-e mass insertions result:
where a 0 ≡ A 0 /m 0 . The numerical estimates have been made by means of the values of the i parameters as obtained from the semianalytical analysis presented in the previous subsection (see Tab. 1) and the running of the A SCKM e entries has been neglected. As mentioned above, the only uncertainty in the full determination of the flavour violating effects relies on the flavon F-term coefficients C φ (i) , which we assume to be O(1) [4] . A comparison of the values in Eqs. (104-107) with the bounds on the mass insertions in [28, 29] shows that the dominant contributions in the µ-e sector are provided by the LR mixing insertions (δ RL ) 21 and (δ LR ) 21 , i.e. directly by the off-diagonal entries of A SCKM e . This makes it particularly simple to estimate the resulting µ → eγ rate.
On general grounds, the branching ratio of i → j γ can be written as:
where the amplitudes A L , A R , in terms of LR mass insertions only, approximately read [29, 45] :
Here m i is the i th generation lepton mass, M 1 is the Bino mass, x 1 = M 2 1 /m 2 and the loop function f (x) reads:
Inserting the values of (δ RL ) 21 and (δ LR ) 21 provided in Eqs. (106, 107) in the above formulae, we can finally get the following expression (which neglects subdominant contributions):
where we assumed M 1 m˜ m 0 , a condition which is often verified within the model, as we will see in the next sections. Remarkably, BR(µ → eγ) can be easily in the reach of the MEG experiment at PSI [46] , whose final sensitivity is O(10 −13 ). On the other hand, we see that just a conspiration of the C φ (i) coefficients can result in a value of BR(µ → eγ) at the level of the present experimental limit (1.2 × 10 −11 ). 14 Another promising observable in the µ-e sector is represented by µ → e conversion in nuclei. Within SUSY models, the latter process is typically dominated by the same penguin diagram contributing to µ → eγ (while a possible box diagram contribution turns out to be negligible) with the photon attached to a proton line. As a consequence, µ → e conversion in nuclei just requires an additional electromagnetic vertex. We can then make use of Eq. (111) to easily estimate the conversion rate:
Let's now consider the LFV in the τ -µ sector, namely τ → µγ. The approximate expres- 14 In the numerical analysis presented in Sec. 5.2, we varied |C φ (i) | in the range 0.3 ÷ 3, which corresponds to |C 12 |, |C 22 | ≤ 6. Thus, according to Eq. (111), we can get at most BR(µ → eγ) 2.5 × 10 −11 .
sions for the τ -µ mass insertions read:
From these equations, we see that the main contribution to |(δ LL ) 32 | ∼ (C φ 3ζ 3 ) 2 (V e R ) 23 does not arise from the running, but directly from the non-universality of the third generation LH sleptons, as discussed at the beginning of Sec. 3.6. All the mass insertions can give a contribution to the τ → µγ rate of a comparable size, so that the situation is more involved than in the µ-e sector. The total rate of τ → µγ should, however, be too small for detection at future experiments. For example, considering only (δ RR ) 32 , we can write the A R 32 amplitude like the following [47] :
Using this expression with the mass insertion as in Eq. (114), Eq. (108) then gives:
which gives at most BR(τ → µγ) ∼ O(10 −10 ). The other mass insertions give slightly smaller but comparable contributions. As we will see in Sec. 5.2, a full numerical evaluation shows that the different contributions can sum up to somewhat larger values of BR(τ → µγ) ( O(10 −9 )), but still barely within the sensitivity of future experiments. In the τ -e sector, the rates are even smaller. For instance, we find BR(τ → eγ) 10 −11 , far beyond the reach of any foreseeable experiment.
Electric Dipole Moments
In a similar way we can estimate the size of the electric dipole moments as predicted by the model. From Eq. (68), we see that the A-term matrices, A d and A e , acquire a CP violating phase in the 1-1 entry, again as a consequence of the misalignment with respect to the corresponding Yukawas, induced by the flavon F-term coefficients. It is well known that complex A-terms can easily induce unacceptably large EDMs (this is often regarded as part of the "SUSY CP problem"). It is therefore remarkable that, in our class of models, not only the phases of the flavour changing entries but also the flavour conserving ones get suppressed by the expansion parameters i . For instance, we see that the imaginary part of (A SCKM d ) 11 acquires an additional 2 /˜ 2 suppression (i.e. of the order of the Cabibbo angle) with respect to the real part. This is even more effective in the leptonic sector, where we have (c 2 2 )/(c 2˜ 2 ), with c 2 = −3/2,c 2 = 6. Complex A-terms clearly induce complex mass insertions through the RG running (see Eqs. (64)- (67)). Therefore flavour mixing induced sources of EDMs will be also present within our model. 15 Even though we are going to take into account all these contributions in the numerical analysis, let us here provide an estimate of the electron EDM, as induced by a complex (δ LR ) 11 only.
In the regime M 1 m˜ , we can approximate the electron EDM like the following [28] :
where the imaginary part of (δ LR ) 11 can be obtained from Eq. (68):
Therefore, we get:
which gives at most d e ∼ O(10 −28 ) e cm, one order of magnitude below the present experimental limit. Therefore, the model predicts the electron EDM at a level that is at present consistent with non-observation, but still several orders of magnitude above the SM prediction, such that it can be easily tested by the currently running experiments. A similar situation is verified in the hadronic sector, where we have:
which is about one order of magnitude below the present bound [27] , given by neutron and atomic EDM searches.
CP Violation in the Kaon Mixing
Let us finally consider the bounds coming from SUSY contributions to the Kaon mixing, which are the most stringent ones within the hadronic sector. As usual, the strongest constraint is given by the CP violation parameter K . In our model, all the relevant phases can be derived from the expression for A SCKM d given in Eq. (68) . As in the leptonic sector, the largest contributions come directly from the off-diagonal entries of the A-term matrix. The main contributions to K are then given by:
The resulting values are between one and two orders of magnitude below the present experimental bound, ∼ 10 −4 [27] . Still, as we will see in Sec. 5.2, the interplay among different contributions can provide sizeable deviations from the SM prediction for K .
Numerical Analysis

Markov Chain Monte Carlo Analysis
In the previous section we have discussed simple semi-analytical estimates, which showed that our class of models first of all seems to be compatible to current experimental data for fermion masses and mixings and second we have demonstrated how the CMSSM parameter space can be constrained. In this section we will improve our analysis using a Markov Chain Monte Carlo (MCMC) analysis. From this we can derive posterior probability distributions for the model parameters based on the experimentally measured quantities and uncertainties. Furthermore, it allows us to incorporate the deviations from the CMSSM in the considered class of models and fit the resulting spectrum to the data. Finally we will discuss predictions for various observables derived from that.
Procedure
The MCMC analysis was done using a standard Metropolis-Hastings algorithm [20] . For the conditional probability density in the usual form P (x|θ)
where x represents measurements and θ model parameters, and where with χ 2 we denote the usual sum of deviations squared for the fitted parameters normalized with the experimental uncertainties. The quantities we use are the down-type quark and charged lepton Yukawa couplings, CKM mixing parameters and the 1-2 and 2-3 MNS mixing angles. Consequently, we varied only the i parameters,ζ 3 , w, C φ 3 and the SUSY breaking parameters m 0 , M 1/2 and a 0 = A 0 /m 0 . The other parameters, i.e. the up-type quark Yukawa couplings and neutrino parameters were fixed to their respective GUT scale value obtained neglecting SUSY threshold corrections. For the experimental values the quark and charged lepton masses at m t (m t ) were taken from [49] as input. The quark mixing angles were taken from the global fit parameters as given in [20] . For the parameters in the neutrino sector we used the values given in [50] . In our analysis, we take the charged lepton Yukawa coupling uncertainties to be 1% (although they are of course measured with higher precision). A higher accuracy would not be justified as we are using only one-loop RGEs, for instance. These low energy observables are matched to the underlying model parameters to obtain the desired χ 2 via the following procedure: For the prior probability densities we used flat distributions for almost all varied parameters. Of these the following are notable: The massive parameters m 0 and M 1/2 were taken from the interval [0; 4000] GeV and [150; 1500] GeV respectively. The prior for the trilinear coupling parameter a 0 = A 0 /m 0 was taken be flat on the interval [0; 3]. Furthermore, we took ζ 2 3 instead ofζ 3 to be flatly distributed due to the observation that the relevant SM quantities depend linearly on the square ofζ 3 . Thus a Gaussian distribution for these quantities also implies one forζ 2 3 (neglecting boundary effects). The flavon F-term parameter C φ 3 was taken to be flatly distributed on the interval [−3; 3] .
Based on this we calculated several Markov chains with the characteristics shown in Tab. 2.
Results
The standard interpretation of the points found by the Markov chains is that they are a sample from the posterior probability distribution P (θ|x). We can thus give probabilities for the model parameters and therefore 68% intervals and multidimensional boxes, where the parameters lie with that probability. The values obtained from our analysis are shown in Tab. 3. We did not show values for the C φ 3 and massive parameters m 0 and M 1/2 as they all have a rather flat distribution, i.e. excess kurtosis 16 ≤ −1, over the whole range allowed by the prior. However, the Markov chains prefer heavy masses and disfavour large positive C φ 3 . Based on this sample, we can also derive a probability distribution for each fitted SM quantity, interpreting them as functions and thus new random variables dependent on the model parameters. In the best case scenario they should be centered exactly on the experimental input value with a standard deviation matching the experimental uncertainty (or the one put into the analysis) and naturally be normally distributed. Deviations from this can naturally arise through model inherent correlations, prior effects and lacking convergence of the MCMC data distribution. The quantities obtained from our analysis are shown in Tab. 4.
Looking at those numbers, we see that the considered class of models can in general describe the measured SM quantities quite good. The largest deviations are a very pronounced value for δ CKM at the 1σ interval boundary, which can be attributed to the highly constrained 1-2 sector of the Yukawa matrices Y d and Y e . Then there is a shift of the value of θ CKM 13 also by about 1σ and the neutrino mixing angles by 1σ, each however with large standard deviations. This is expected from the range of possible values for A together with the form of the constraint given by Eq. (100), which forces us to choose between a deviation in θ CKM 13 and a deviation in the neutrino mixing angles. Analogously, this also explains the lower value for 16 For comparison, we note that a completely flat distribution would correspond to an excess kurtosis of −1. 0.035 ± 0.033 w 3.14 ± 0.12 a 0 2.13 ± 0.51 Another possible interpretation of the Markov chain data is that it just constitutes a sophisticated scan over the parameters that happens to be more fine-grained in the interesting regions of low χ 2 . We can thus select from the chains those points that yield a χ 2 lower than some threshold value and demote the Bayesian probability interpretation to the nice side-effect of enhanced resolution in parts of the parameter space 17 .
Constraints on
Based on the full MCMC analysis, we can also compute the constraints on m 0 , M 1/2 and A 0 , in analogy to the plot shown in Fig. 5 where we used the analytical approximations. The set of points with χ 2 < 5.99 is shown in Fig. 6 . With the two residual degrees of freedom of our fit this corresponds to p-values larger than 0.05.
We can see that both spectrum plots look fairly similar. One difference, however, is that in Fig. 6 we find light orange as well as light blue points in the central region of the points, whereas in the plot in Fig. 5 there are mainly light orange points. This is explained by the fact that the colour of the points in Fig. 5 indicates the value of A 0 /m 0 which provides the best fit -and A 0 /m 0 = 2.25 turned out to be slightly better in this respect than A 0 /m 0 = 2 -whereas in Fig. 6 all points of the MCMC sample with χ 2 < 5.99 are shown. Another difference can be seen in the lower bound on m 0 . It moves from 600 GeV to 1 TeV due to the fact that the points on the edge of the allowed parameter space of Fig. 5 need larger values of 1/2ζ 2 3 which are allowed by the approach used for the scan but disfavoured by the experimental values of the neutrino angles. This leads to an exclusion of the points with lower m 0 by the requirement χ 2 < 5.99.
Thus we can conclude that our approach in the simplified parameter scan is useful to get a first impression of the allowed parameter space. However, we stress that a full numerical MCMC analysis is still necessary to obtain accurate constraints, e.g. for m 0 . Furthermore it carries additional useful probabilistic information, e.g. in the apparent point density.
Phenomenological Consequences
In this section, we present the results of a numerical analysis performed by scanning the parameter space favoured by the MCMC fit presented above. The SUSY parameters m 0 , M 1/2 , A 0 , as well as (i) , w,ζ 3 and C φ 3 were taken from the MCMC fit discussed in the previous section. We remind that for the fit we used tan β = 30. The coefficients relating flavon F-terms and flavon vevs were then randomly varied in the following ranges:
Following the discussion of Sec. . 18 For each point of the parameter space, we impose the following requirements: (i) successful EWSB and absence of tachyonic particles; (ii) limits on SUSY masses from direct searches; (iii) neutral LSP. Then, we compute the leptonic processes by means of a full calculation in the mass eigenstate basis [52] , the hadronic processes by means of the mass-insertion approximation formulae in [26, 53] , and the BR(B → X s γ) using SusyBSG [54] . We then require that the resulting BR(B → X s γ) does not deviate from the experimental value [55] in more than 3σ (2.75 × 10 −4 ≤ BR(B → X s γ) ≤ 4.25 × 10 −4 ) and that BR( [26, 56] . The LEP limit m h ≥ 114 GeV does not impose additional constraints to the parameter space.
Spectrum
The MCMC sample we used for this analysis corresponds to the ranges for the SUSY particle masses reported in Tab. 5. The lower values shown in the table give an indication of the SUSY spectrum which can better account for the fermion masses and mixing: in the case of sfermions they correspond to the fact that for a given value of M 1/2 a minimum value for m 0 is selected by the fit (as depicted in Fig. 6 ). On the contrary, the upper values are just related to our choice of scanning the parameter space up to m 0 = 4 TeV, M 1/2 = 1.5 TeV.
As we can see a rather heavy spectrum is selected, e.g. the heavier squarks are always above the TeV scale. However, gluinos and lightest stop and sbottom (t 1 ,b 1 ) can be much lighter. In particular, mt 1 is driven to light values by the large value A 0 2m 0 required by 104 ÷ 2908χ the fit. In Fig. 7 , we show the heavy squarks mass (blue) and the third generation squark masses mb 1 (green) and mt 1 (red) versus the gluino mass mg for the scanning of the parameter space described above. We see that the squarks turn out to be always heavier (even much heavier) than gluinos in the SUSY parameter space region favoured by our model, with the possible exception oft 1 , especially for large values of M 1/2 (i.e. of mg).
Even if gluinos might be light enough for an early SUSY discovery, 19 it is clear that such an eventuality would select a corner of the parameter space (the bottom-left one in Fig. 6 ). It is remarkable that the spectrum itself gives the possibility of testing our class of flavour models and distinguishing them from other scenarios. In this sense, the heavy spectrum, the squarks heavier than gluinos and the relatively light third generation are all generic features of our scenario, which the LHC could test after enough years of data taking.
Sleptons are usually heavy with the possible exception of the lightest stau. In fact, we recall that most of the parameter space points lie in the region where m 0 M 1/2 and thus m˜ mq, since relatively light gluinos do not drive the squark masses to much larger 19 With 1 fb −1 of collected data, the discovery potential of the 7 TeV LHC run, might reach mg ∼ 620 GeV, in the case, like in our scenario, of mg mq [57] .
values than sleptons in the RG running. In particular, the slepton masses turn out to be always larger than the mass of theW (and thus of the lightest chargino and the second lightest neutralino). This means that they cannot be efficiently produced in cascade decays of squarks to neutralinos. On the other hand, the direct Drell-Yan production cross-section for m˜ 200÷300 GeV might be too small to have a slepton signal above the SM background [58] . As a consequence, sleptons seem to be hardly detectable at the LHC, within our scenario. However, the lightest stau represents an exception also in this case, since in some regions of the parameter space mτ 1 < mχ0 2 and the decayχ 0 2 →τ 1 τ →χ 0 1 τ τ is open and potentially observable at the LHC.
In our scenario, not only a specific region of the CMSSM parameter space is selected, but also effects from C φ 3 may result in non-negligible differences compared to a CMSSM spectrum. Observation of such a C φ 3 signature would of course be interesting, however, since only the sbottom and the stau masses are affected (cf. Eqs. (44, 45) and Eqs. (48, 49) ), this seems to be experimentally challenging.
The LSP is mostly Bino over all the parameter space. This is because the large A t required by the fit drives the running of m 2
Hu to large negative values so that the Higgsino mass parameter µ results always quite large (in particular µ M 1 ), once the EWSB condition, µ 2 −m 2 Hu , is imposed. In fact, we find µ 650 GeV over all the parameter space and consequently a quite small Higgsino component of the lightest neutralino ( 0.1). As a consequence, the LSP annihilation cross-section is not enhanced by a sizeable Higgsino component, and the so-called focus-point region for neutralino dark matter [59] is not viable in this scenario (for tan β = 30). On the other hand, there are some points of the parameter space (giving mτ 1 mχ0
, where an efficient stau-neutralino coannihilation [60] can reduce the neutralino relic density within the WMAP bound. This is because, as noticed above, the lightest stauτ 1 can be driven light for sizeable values of A 0 and C φ 3 , for which A τ gets increased (cf. Eq. (49)). Moreover, the non-universal contribution to m 2 , where the LSP annihilates efficiently through an s-channel A exchange [61] . In our model, this opens up the possibility to access the funnel region even for moderate values of tan β.
Flavour observables
Let us now consider the predicted rates for the LFV observables µ → eγ and τ → µγ. In Fig. 8 , we plot BR(µ → eγ) versus BR(τ → µγ), for the variation of the parameters (in particular the C φ (i) ) described above. We see that our class of models is at present not much constrained by the experimental limit on BR(µ → eγ), which is shown in the figure as a black thick line. Only a tiny portion of the parameter space, corresponding to a rather light SUSY spectrum and a conspiration of the |C φ (i) | parameters, is already excluded. This result is consistent with the semi-analytical estimate provided in Eq. (111). The final sensitivity reach on BR(µ → eγ) of the MEG experiment [46] is represented by a black dashed line. We see that MEG is able to test indirectly a large part of the parameter space. As expected by the discussion in Sec. 4.5, BR(τ → µγ) cannot be as large as O(10 −8 ), thus resulting beyond the reach of the SuperB factory at KEK [62] . A positive signal for τ → µγ would then disfavour our class of models. There is a corner of the parameter space which can be in the reach of a Super Flavour factory at the level of BR(τ → µγ) 10 −9 [63] . Interestingly, these few points basically correspond to BR(µ → eγ) > O(10 −13 ) and will be then tested by MEG, so that a . The thick black line represents the current experimental limit BR(µ → eγ) < 1.2 × 10 −11 [70] , the dashed line the expected sensitivity of the MEG experiment.
negative result would preclude the possibility of observing τ → µγ at a Super Flavour factory as well.
The fact that still a wide portion of the points in Fig. 8 would escape the searches at MEG is a consequence of our choice of scanning the parameter space up to very heavy slepton masses ( 4 TeV). However, it is worth notice that even such a heavy spectrum can provide rates of µ → eγ in the reach of MEG. Moreover, there are very good prospects to test most of the points of Fig. 8 in the future experiments looking for µ → e transition in nuclei. We remind that, within SUSY models, there is typically a striking correlation between µ → eγ and the µ → e conversion in nuclei, namely the µ → e conversion rate is well approximated by CR(µ → e in N) α em × BR(µ → eγ). This means that our prediction for BR(µ → eγ) can be easily translated in a prediction for CR(µ → e in N). The proposed µ − e conversion experiments at Fermilab [64] and at J-PARK [65] aim at the respective sensitivities of 10 −16 and 10 −18 on CR(µ → e in Ti). Therefore, such experiments would access the parameter space displayed in Fig. 8 almost completely , thus testing the model well beyond the MEG reach.
As for LFV processes at colliders, such asχ 0 2 →χ 0 1 µe, we notice that they are very much suppressed in our scenario. This is due to the spectrum selected by the fermion masses and mixings fit, for which sleptons are heavy, and the second neutralinoχ 0 2 mass is always smaller than the slepton ones, apart from some points with a lightτ 1 . Therefore, the LFV neutralino decay is a 3-body decay with off-shell intermediate sleptons, which give a GIM-like suppression of the process.
In the left panel of Fig. 9 , we plot BR(µ → eγ) versus the SUSY contribution to the anomalous magnetic moment of the muon a SUSY µ ≡ (g − 2) SUSY µ /2. We see that no points provide a SUSY µ 10 −9 , a contribution which would lower the present tension between measurements and theoretical predictions below the 2σ level. This is due to the heavy slepton spectrum favoured by the fit, which clearly determines a suppression of the SUSY contribution to (g − 2) µ . Within our model, a contribution at the level required by the present tension could be achieved in set-ups with larger tan β, e.g. ∼ 50 (since (g − 2) SUSY µ ∼ tan 2 β). In the right panel of Fig. 9 , we show an estimate for the electron EDM, d e . As discussed in Sec. 4.5, d e receives both flavour-dependent and flavour-independent contributions. Such an observable then results highly complementary to BR(µ → eγ) in testing the parameter space of the model, while it does not impose at present a further constraint to parameters of the model (the current limit being d e < 1.4 × 10 −27 e cm [66] ). Given that the future experiments should reach d e ∼ 10 −30 e cm, or below [67] , they could be able to test the model even beyond the reach of MEG, for vanishingly small values of BR(µ → eγ). On the other hand, a portion of the parameter space in the reach of MEG should escape the next generation eEDM experiments. However, it is interesting to notice that a large part of the parameter space should be in the reach both of MEG and the eEDM experiments. These two observables are therefore highly complementary and the interplay between both of them represents a powerful test of the class of models we are discussing. In fact, an evidence of µ → eγ at MEG, at the level of, say, BR(µ → eγ) ∼ O(10 −12 ), would predict a lower bound on d e in the reach of the future experiments. On the other hand, observing the electron eEDM with a value of the order of 10 −29 e cm would imply that µ → eγ can be observed at MEG.
Recent analyses of the consistency of the Unitarity Triangle (UT) have shown some tensions among the different observables used in the fit [68, 69] . A way to solve such tension could be a positive new physics contribution to the Kaon CP-violating parameter K at the level of about +20% [26, 56, 69] . As discussed in the previous sections, our class of models, being embedded in a SU (5) GUT, provides new sources of flavour violation both in the leptonic and the hadronic sector. In the left panel of Fig. 10 , we show the predicted BR(µ → eγ) versus K / SM K . As we can see the SUSY contribution to K can give sizeable deviations from the SM prediction. For instance, the cut of the left side of the plot reflects the fact that a large negative contribution to K is excluded. A contribution of order +20% is still possible for a small portion of the parameter space. Moreover, most of such points, which correspond to values of BR(µ → eγ) below the present limit, will be tested at MEG.
B → τ ν, such as B s → µ + µ − , might represent an important constraint for SUSY models in the regime of medium or large tan β. This is due to a potentially large charged Higgs mediated contribution, which grows with tan 4 β and always exhibits the opposite sign with respect to the SM contribution, whereas the present experimental measurement prefers values larger than the SM one (see, for instance, [26] ). We plot BR(µ → eγ) and BR(B → τ ν)/BR(B → τ ν) SM in the right panel of Fig. 10 . We see that, even if most of the points give a prediction close to the SM one, it is still possible to have large deviations, which in future could be excluded by increasing the precision of the experimental determination of BR(B → τ ν). Moreover, most of the depicted points lie in the 95% C.L. range 0.52 BR(B → τ ν)/BR(B → τ ν) SM 2.61 [26] . This is due to the Higgs spectrum selected by our model. In fact, m 2 H ± ( µ 2 + m 2
+ m 2 W ) cannot be too light since, as mentioned above, our large A t gives sizeable µ 2 and tan β is not large enough to drive m 2 
Summary and Conclusions
In this paper, we have investigated aspects of "SUSY flavour" models, towards predicting both flavour structures, in the context of SUGRA. We highlighted the importance of including carefully all the SUSY-specific effects such as one-loop SUSY threshold corrections and canonical normalization effects when fitting the model to the low energy data for the fermion masses and mixing angles. These effects entangle the flavour model with the SUSY parameters and leads to interesting predictions for the sparticle spectrum as well as, for instance, for the neutrino parameters. In addition, family symmetries introduced to explain the flavour structure of the Standard Model fermions can also make predictions testable in future flavour experiments.
The extension of a pure model of flavour to a SUSY flavour model, and its phenomenological analysis, may be performed in the following steps:
• The starting point may be a family symmetry, as for instance SU (3), SO(3), or one of their non-Abelian discrete subgroups like S 4 or A 4 (cf. Sec. 2).
• The discussion of the SUSY formulation of the model starts by defining the superpotential W .
• The operators induced in the Kähler potential K by a given set of (flavour) messenger fields have to be included.
• By canonically normalizing the fields (cf. Sec. 3.3) the canonically normalized Yukawa matrices are calculated. In this way, the structure of K enters the model predictions for the SM flavour parameters (i.e. the fermion masses and mixings).
• From K and W , the (canonically normalized) soft SUSY-breaking parameters can be calculated.
• To compare the flavour model predictions to the data, the RG evolution of all parameters has to be calculated. As discussed in Sec. 3.5., the inclusion of the one-loop SUSY threshold corrections is mandatory for all three generations at least for moderate and large tan β -and connects the flavour model analysis to the SUSY parameters.
• Finally, the SUSY flavour structure, shaped by the same symmetries which govern the SM flavour structure, can give rise to various effects testable at flavour experiments.
We have demonstrated these issues and applied the "SUSY extension" to a novel class of family symmetry models, assuming sequestering of W and K into visible and hidden sectors. The extension to SUSY, in addition to predictions for the SUSY flavour structure from the symmetries of the models, has various interesting effects:
• Firstly, one-loop SUSY threshold corrections have turned out to have a crucial effect on the fit of the model to the data. Not only the ratios of quark and charged lepton masses, which are predicted by the model at the GUT scale but also the quark mixing angles, depend crucially on the threshold effects. Via them the SUSY spectrum enters into the fit of the model to the data and from this constraints on the SUSY parameters can be obtained. Using MC Monte Carlo techniques we demonstrated this for our example class of models. The main result is shown in Fig. 6 . We also compared our full MC Monte Carlo analysis with a simple semi-analytical treatment, which may be applied as a first step to understand such kind of constraints on the SUSY spectrum from a SUSY flavour model analysis.
• Secondly, also the canonical normalization of the kinetic terms, which generically requires a transformation (including rescaling) of the fields in a SUGRA context, modifies the Yukawa matrices and thus affects the fit. In our class of models the canonical normalization effects were dominated by a single parameter (related to a comparatively large ratio of the flavon vev φ 3 over the messenger mass), a typical situation in flavour models with non-Abelian family symmetries (see, e.g. [14] ). In our example class of models we saw, for example, that the prediction of tri-bimaximal mixing was modified by this effect, which imposed constraints on the canonical normalization parameter ζ 2 3 /2, and predicts a correlation in the deviation from tri-bimaxmial mixing (cf. also [30] ) which could be tested in future precision neutrino oscillation experiments.
• Thirdly, the example class of flavour models we considered and generalized here turned out to be an interesting novel class of SUSY flavour models -since the flavour structure of the soft SUSY breaking terms turned out to realise a scheme we dubbed "Trilinear Dominance". While the soft masses at the GUT scale have only very small off-diagonal elements, the flavour violating effects are mainly induced by the misalignment between the trilinear terms and the Yukawa matrices, governed by only a few parameters.
We conclude that if SUSY will be discovered at the LHC, models of flavour would have to be extended to SUSY-flavour models. The testability of such models could be enhanced significantly, for example by the predictions for the sparticle spectrum and tan β. Furthermore, flavour effects induced by the SUSY flavour structure could give new insights into flavour models, and characteristic SUSY flavour schemes (like "tri-linear dominance" discussed here) might be disentangled from others. Finally, even precision tests of neutrino mixing angles can be sensitive to SUSY/SUGRA typical features like canonical normalization corrections, as we have seen in our example class of models.
